Introduction
[2] China is a wide area that encompasses three major partially stable blocks (Tarim Basin, North China Craton, South China Block) connected by deformation belts, as well as active areas mainly along the Pacific-Philippine subduction realm and the India-Eurasia collision realm (Figure 1) . The large scale tectonic processes including uplift, contraction and crust thickening, which are currently deforming the Tibetan Plateau and surrounding areas, as well as the reactivation of the eastern side of the North China Craton evidenced by significant seismicity, volcanism and extension, have raised particular interest for several decades.
[3] The deployments of permanent stations and temporary experiments have multiplied in China over the last 25 years and have generated tomographic models based on surface waves from earthquakes [Lebedev and Nolet, 2003; Huang et al., 2003 Huang et al., , 2009 and seismic noise correlations [Zheng et al., 2008; Sun et al., 2010] , local and regional S waves , and teleseismic P waves [Huang and Zhao, 2006; Li and van der Hilst, 2010] . Surface and body wave tomography have highlighted, respectively, the structure of the lithosphere and asthenosphere. On a large scale, fast velocities were found to be confined to the stable Ordos and Yangtze blocks and along the India-Eurasia collision realm, while slow velocities are widespread elsewhere, including the eastern part of the North China Craton. Local models show the detailed structure of the subducting Indian Plate [Li et al., 2008] and possible delamination beneath the North China Basin [Xu and Zhao, 2009] . Large aperture regional models based on teleseismic arrivals also illuminate the deep P wave velocity structure of the mantle [Huang and Zhao, 2006; Li and van der Hilst, 2010] , showing the presence of flat fast features connected to the currently subducting Philippine and Pacific slabs which have been hinted previously in a global P wave model [Bijwaard et al., 1998 ].
[4] Here we focus on the S wave velocity structure of the crust and mantle down to 900 km beneath China. We take advantage of the recent expansion of the Chinese Digital 1 Seismic Network (CDSN) to 140 permanent stations, along with the data sets from several temporary deployments. Following previous studies, [Masters et al., 1996; Mégnin and Romanowicz, 2000; West et al., 2004] , we use a joint inversion scheme that integrates teleseismic S wave traveltimes and Rayleigh surface wave dispersion curves [Obrebski et al., 2011] and that allows us to close the gap between well resolved lithospheric and mantle structures, as provided respectively by regional surface wave and body wave tomography.
Geotectonic Setting
[5] The Chinese lithosphere exhibits three main blocks (Figure 1 ): the Tarim Basin, the South China Block and the North China Craton. Their amalgamation was completed by Permo-Triassic time [Metcalfe, 2006] . The Archean North China Craton is composed of the western (Ordos) block and eastern (today's North China Basin) block that collided either at 2.5 Ga or at 1.85 Ga (see review of Kusky et al. [2007] ) along the region now occupied by the Shanxi Rift. The North China Craton has remained internally stable from middle Proterozoic to late Paleozoic. Amalgamation of the Proterozoic Yangtze Craton and South China Fold Belt to form the South China Block first occurred during the 1.0-0.85 Ga Jinning Orogeny. The closure of the eastern Paleo-Tethys Ocean during the Late Triassic-Early Jurassic Indosinian orogeny led to the collision of the North China Craton and the South China Block along the Qiling-Dabie Fold Belt [Ren et al., 1987] . To the southwest, the Qiangtang and Lhasa blocks that form a large part of today's Tibetan Plateau ( Figure 1 ) collided and sutured to Eurasia between Late Jurassic and Early Cretaceous [Metcalfe, 2006] . The collision between the Indian Plate and Eurasia initiated at the end of the Cretaceous. This event completed the formation of southwestern China and led to the extrusion of Southeastern Asian terranes [Tapponnier et al., 1982] .
[6] Tectonic deformation and the establishment of a broad magmatic zone across eastern China took place during the Late Jurassic-Early Cretaceous Yanshanian orogeny. This event is thought to be the consequence of the combined effects of continuous collision between the North China Craton and South China Block, the closure of the Paleo-Asia Ocean between the North China Craton and the Siberia Craton, and the subduction of the Pacific Sea Plate. The tectonics of much of Asia then became extensional at 130-120 Ma, possibly due to post-orogenic gravitational collapse [Meng, 2003] , the dynamics of the Pacific Slab [Ma et al., 1984; Liu, 1987; Tian et al., 1992] and later India-Eurasia collision [Ren et al., 2002; Liu et al., 2004] . In eastern China, the development of major rift zones, such as the Shanxi Rift, and large basins occurred from Jurassic to Cretaceous and then from Cretaceous to present [Griffin et al., 1998; Ren et al., 2002] . Figure 1 . Geologic-tectonic features of China overlaid on topography. The continuous gray lines mark the major faults and boundaries between tectonic provinces. The thick gray dashed line depicts the N-S Gravity Lineament [Ma, 1987] . The purple lines are plate boundaries. Ba, Bl and FB stand for "basin," "block" and "fold belt." The Ordos Block, the Shanxi Rift and the North China Basin form the North China Craton. The Yangtze Craton together with the South China Fold Belt form the South China Block.
[7] The geophysical setting of China is marked by a major E-W contrast along the North-South Gravity Lineament (Figure 1) , with lower Bouguer anomaly, thicker lithosphere (as indicated by the Low Velocity Zone) and lower heat flow to the west [Ma, 1987] . Locally, the North-South Gravity Lineament coincides with the Shanxi Rift and the internal boundary of the North China Craton. The eastern block of the North China Craton lost 80-140 km of Archean lithospheric root since the Ordovician [Griffin et al., 1998 ] and seems to be reactivated as indicated by internal extension, volcanism and seismicity [Kusky et al., 2007; Menzies et al., 2007; An et al., 2009] .
Data
[8] The backbone of the array of seismic stations used in this study is the Chinese Digital Seismic Network. We used ten years of recording, from January 2001 to June 2010. The number of CDSN stations increased from $30 in 2001 to more than 140 since 2009. We also used the data from several temporary deployments available at the IRIS DMC: Namche Barwa Tibet (XE, 2003 (XE, /07/17-2004 
Surface Wave Data Set
[9] The surface waves are intended to provide constraints on the upper part of our tomographic model. We use Rayleigh waves, which are polarized in the radial plane (ie, the plane that contains the seismic source, the center of the earth and the seismic station). Figure 2 illustrates the vertical sensitivity kernel of the ten periods used in this study (15, 18, 20, 25, 30, 35, 40, 50, 60 and 70 s) . The sensitivity of the longest period (70 s) peaks around 110 km, but has sensitivity to $200 km. We initially selected all available events with magnitude ranging from 5.5 to 7, epicentral distance between 15°and 100°, and source shallower than 70 km depth. To enhance the number of raypaths, we also used data from permanent stations around China. The final data set is made of 10,720 raypaths from $825 events (Figure 3a ) recorded at $500 stations. Figure 4 shows the raypath coverage achieved at 15, 30, 50 and 70 s. Ray The maps show the $825 and $700 events that provided surface wave and teleseismic shear wave arrivals, respectively. In Figure 3b , the color scale indicates the amplitude of the event correction terms determined as part of the inversion. density calculated in 2°Â 2°cells is contoured in red to highlight the well-covered regions. The regions with 50 raypaths or more at 30 sec and longer periods encompass the North China Craton, the Qiling-Dabie Fold Belts, the Yangtze Block, the Songpan-Ganzi and Sanjiang fold belts, the eastern Tibetan Plateau and to a lesser extent the South China Fold Belt. There are fewer rays at shorter periods. Very few raypaths were obtained for the northwestern regions. Therefore, the structure of the crust and uppermost mantle in these areas is not well constrained by surface waves and will not be discussed.
Body Wave Data Set
[10] The teleseismic body wave data set provides constraints on the structure of the mantle where raypaths cross one another. An approximate estimate of the minimum depth where there is resolution is the interstation distance, which ranges from a few tens to a few hundreds of kilometers in our study area ( Figure 5 ). In addition to the data set from the CDSN and temporary deployments listed above, we included the traveltimes from Zhao et al. [2009] . The total number of stations is $1000 including 143 stations from the CDSN.
As in the case of surface waves, northwestern China, and to a lesser degree northeastern China, have lower resolutions, as seismic stations are sparse. We selected all events with magnitude larger than 5.8 and epicentral distance ranging from 30°to 80°. After processing and selection, the total number of traveltimes is $32,500 from $700 earthquakes (Figure 3b ).
Method
[11] Surface and body waves have complementary properties that can be integrated to get a more complete image of the Earth's interior. Body wave tomography provides resolution where the raypaths cross each other. Consequently, teleseismic body waves recorded by large aperture seismic arrays allow illumination of the deeper structure of the mantle. Nevertheless, with a station spacing of several tens or even hundreds of km as that used here, teleseismic body waves offer poor constraints on the lithosphere where raypaths are subvertical. Surface waves have depth-and perioddependent sensitivity that is limited to the crust and upper mantle (Figure 2 ). Fundamental modes don't sample the transition zone and lower mantle as is possible with Figure 4 . Raypath coverage at 4 of the 10 periods used in this study. The red contours indicate the density of raypaths in each 2°Â 2°cell. The 50 raypath contours are shown for all plots and the 30 raypath contour is also shown for the 15 s period map. The main faults and tectonic boundaries are shown in light gray to illustrate which of them are well covered by raypaths. Plate boundaries are shown in purple.
teleseismic body waves, and the surface waves have lower resolution due to their lower frequency content. Nevertheless, they benefit from a good vertical resolution in the lithosphere. Therefore, a joint inversion scheme exploits the better resolution of body waves below the lithosphere, while using surface wave observations to resolve the shallow lithospheric-scale structure.
Phase Velocities Preparation
[12] All the waveforms with signal-to-noise ratio larger than 5 were corrected for the instrument response, converted to velocity, filtered in the frequency window 0.01-0.2 Hz and visually checked to select those with clear dispersive wavelet trains. Interstation phase velocity dispersion curves were measured using the method of Wu et al. [2009] . Pairs of seismograms are filtered at various periods of interest using Morlet wavelet functions and are then cross-correlated to estimate the dispersion relation. The group velocity dispersion curves were also estimated. To ensure that the estimates for the group and phase velocities were reasonable, we visually inspected them and compared them to theoretical values calculated on the basis of IASP91 with a perturbation of AE10%. The final set of interstation dispersion curves were then inverted for the 2D phase velocity distribution using the tomography package of Ditmar and Yanovskaya [1987] and Yanovskaya and Ditmar [1990] . Note that 3D effects related to heterogeneities are neglected and ray theory is assumed for surface waves. This last assumption seems to be reasonable as discussed by Zhou et al. [2004 Zhou et al. [ , 2005 . The consistency of local phase velocities (see maps in the auxiliary material) further indicates that the approach used here with its approximations is valid.
1 The estimated resolution of the resulting phase velocity maps varies from 2°in Eastern China where ray density is the highest to 5°in Western China. We refer the reader to Pan et al. (Rayleigh wave phase velocity tomography in the Chinese continent (in Chinese), submitted to Chinese Journal of Geophysics, 2011) for a detailed description of the data preparation. The phase velocity anomalies that are used in the joint inversion are obtained from the absolute phase velocities by subtracting the theoretical phase velocities calculated for a background model (IASP91). To take into account the variation in the crustal thickness across the station array, the crustal thickness of the background model was varied according to the crust model [Li et al., 2006] . Cherckerboard resolution tests are shown in Figures S1-S3 of the auxiliary material.
Traveltimes Preparation
[13] The body wave part of our data set is composed of relative traveltimes estimated from the transverse component of teleseismic S waves. All waveforms were corrected for the instrument response, converted to velocity, and visually inspected to select only high signal-to-noise arrivals. Waveforms were filtered using a 0.01-0.2 Hz frequency window. Traveltimes with respect to the theoretical traveltimes calculated from IASP91 were determined using the adaptive stacking method of Rawlinson and Kennett [2004] . As a test, we also estimated the delay times using the method of VanDecar and Crosson [1990] and we kept for inversion purpose only the event-station pairs that give similar estimates independently of the method. The mean of all traveltimes calculated for a given earthquake was subtracted from each individual traveltime. This way, we intend to remove the effect of anomalies located out of the model box and that affect all the raypaths originating from the same source. The body wave traveltimes were used independently to generate a shear body wave model and the resulting model is discussed by F. X. 
Joint Inversion Scheme
[14] The model box is a spherical cap that extends from 55°E to 155°E (x direction) and from 10°N to 60°N (y direction), with a maximum depth of 2560 km (z direction). The grid spacing is 1.5°laterally and 40 km vertically. The vector of relative travel times dt i (i = 1…Nt) and relative phase velocities dV f,i (i = 1…Nf) used as constraints are linked to the components dV S,i (i = 1…Nm) of the velocity model to be resolved through a Gram matrix G: where Nm, Nt and Nf are the number of grid nodes, measured relative travel time and estimated phase velocity anomalies. The body wave traveltime dt recorded for a given earthquake-station pair is related to the shear wave velocity anomalies dV S (x, y, z) at nodes n(x, y, z) sampled by the associated wave using paraxial kernel theory Hung et al., 2000 Hung et al., , 2004 . Unlike surface waves (see discussion above), body wave wavefields are significantly affected by finite-frequency effects. The banana-doughnut-shaped kernels K b (x, y, z) account for the frequency-and depth-dependent width of the region to which teleseismic body waves are sensitive and account for wavefront healing effects. At each node n(x, y, 0) of the surface of the model box, the relative phase velocities dV f (x, y, T l ) at period T l are related to the shear wave velocity anomalies dV S (x, y, z) at nodes n(x, y, z) with z = 0,…400 km located immediately beneath n(x, y, 0) through the surface wave vertical sensitivity kernel K f (z, T l ) calculated at period T l (Figure 2) . The model box is larger than the region in which we expect to have good resolution. Using a larger model box causes any anomalies outside the model region to be accommodated in the unresolved outer region of the model space preventing pollution of the primary target region beneath the seismic network. Damping and Gaussian convolution quelling are applied. The inversion uses LSQR to iterate to a final model. Event corrections (Figure 3b ) are included to account for any baseline difference between events [VanDecar and Crosson, 1990] .
[15] The body and the surface wave constraints have different sensitivity. Consequently, when inverted independently, they produce models that are not necessarily similar as shown in Figure S6 of the auxiliary material. The way we integrate the two sets of constraints is by simultaneously maximizing their variance reduction while obtaining a single velocity model.
[16] The body and surface wave constraints are inverted jointly and thus need to be weighted to avoid one of the sets of constraints to be preferentially satisfied. We address this issue using the following weighting scheme for the calculation of the misfit function to minimize:
represent the body and surface wave sensitivity kernels described above. The number of relative traveltimes and phase velocities Nt and N 8 , as well as their respective variance s t and s 8 are used to weight the different data sets in an objective fashion. The parameter p ranges from 0 to 1, and allows a manual tuning of the relative contribution of each data set ( Figures S6-S9 of the auxiliary material). With p = 0.95, the variance reductions of the two data considered independently are almost equal (72% and 70% for the body and surface wave respectively, Figure S10 of the auxiliary material). A larger weight on the body wave contribution (p close to 1) is necessary to compensate for the higher number of nodes typically sampled by body wave raypaths. Body waves travel obliquely throughout the whole model, while surface waves sample only the upper part of the model (see sensitivity kernel on Figure 2 ). Note that the main features described and discussed in this study are observed for a broad range of values of p (Figures S7-S9 of the auxiliary material).
[17] To take into account the gradual decrease in the body wave resolution toward the surface, we multiply the body wave kernels K b by a ramp function that equals 1 at 80 km depth and vanishes at the surface. Station terms are included in the body wave part of the inversion matrix to absorb traveltime delays accumulated in the upper 80 km and that are left unaccounted for due to the use of the ramp. The surface wave kernels K f are not modified. This way, the upper part of the model is not affected by the intrinsically poor resolution of the body waves at shallow depth. Instead it is dominated by the surface wave data set. Lowering the influence of the body wave constraints in the lithosphere is important. Our body wave only model ( Figure S6 of the auxiliary material) exhibits, for example, high velocities under the eastern part of the North China Craton where most other studies based on noise correlations [Sun et al., 2010] , body waves measured by high density deployments Tian et al., 2009] , Sn and Pn waves [Pei et al., 2007] and surface waves (Huang et al. [2009] ; our own surface wave model, see Figure S6 in the auxiliary material) all show conspicuous low velocities. The fast rather than slow anomalies produced by the body wave constraints might result from vertical smearing beneath the stations where raypaths are subvertical. The inclusion of surface wave constraints thus allows us to partially solve this issue.
[18] Note that in our approach we integrate Rayleigh waves and SH teleseismic body waves that are polarized in distinct planes, namely the radial and transverse planes, respectively. The main motivation to do so is to increase the number of observations (we obtained far more good arrivals of SH than SV waves, the same for Rayleigh versus Love waves). This way we improve the coverage and robustness of our model. The main drawback is that anisotropy, which is common in the lithosphere and asthenosphere (see review by Savage [1999] ), and that yields differences between the SH and SV velocity distribution, can lead to intrinsic discrepancies between the surface and body wave constraints used here. The effect of anisotropy is considered as second order and its study is beyond the scope of the present investigations.
Resolution Tests
[19] Figures 6 and 7 show checkerboard resolution tests for the joint inversion. Equivalent resolution tests were performed independently for the body and surface wave sets of data (Figures S1-S3 of the auxiliary material). The synthetic velocity anomalies were used to calculate synthetic traveltimes and phase velocities to which random noise was added. The applied noise was derived by selecting randomly from a Gaussian distribution with a standard deviation equal to 15% of the traveltime delay or phase velocity. The synthetic traveltimes and phase velocities were then combined and inverted exactly as we did for the real data. At all depths, two regions in southwestern and northwestern China are poorly resolved. Elsewhere, the resolution ranges from 3°l aterally and 40 km vertically (Figures 7a and 7b ) to 4.5°l aterally and 380 km vertically (Figure 6f ). The resolution is particularly good beneath eastern China.
Results
[20] Figure 8 shows map views of our model, named CH11-S, at various depths in the lithosphere, asthenosphere, transition zone and lower mantle. Figures 9 and 10 emphasize the two areas where the crust and upper mantle resolution is Figure 6 the best, namely eastern China and the eastern side of the Tibetan Plateau.
North China Craton
[21] The S wave velocity structure of the lithosphere and asthenosphere beneath the North China Craton shows three main domains (Figures 8a-8d ) that closely correspond to the three subprovinces of the North China Craton, namely the Ordos Block, the Shanxi Rift and the North China Basin. Fast velocities are observed beneath the Ordos block ("Or," Figures 8a-8d ) from the surface down to $250 km to the north (Figure 9b) , and down to $450 km depth to the south (Figure 9c ). Fast anomalies with a south dip beneath the Ordos Block are also observed in the P wave model of Li and van der Hilst [2010] , although the maximum depth extent is $300 km in their model. In contrast, the surface wave model of Huang et al. [2009] suggests the presence of a LVZ starting at $160 km depth. The Shanxi Rift area exhibits slow velocities from the surface down to the top of the transition zone (Figures 9a-9c and 9e ). This curtain of slow material beneath the Shanxi Rift aligns parallel to the North-south Gravity Lineament (Figures 8a and 8b) . The last domain coincides with the eastern block of the North China Craton, i.e., the North China Basin. The lithosphereasthenosphere is dominantly slow down to $150 km depth. A flat fast feature ("F1," Figures 8c, 9b , 9c, and 9f) is imaged from 150 to 350 km depth with a dip toward north. Resolution tests suggest it is well resolved ( Figure S4 of the auxiliary material). A similar fast anomaly is also observed in the local P model from Xu and Zhao [2009] though in the depth range of 300-400 km. The western and eastern blocks of the North China Craton are underlain by slow spots in the transition zone (Figures 8e, 9b-9d , and 9f).
Qiling-Dabie Fold Belt
[22] The Qiling-Dabie Fold Belt that marks the suture between the North China Craton and the South China Block exhibits slow velocities at 100 km depth (Figure 9a ). Deeper in the upper mantle, it is either slow, or at least slower than the Ordos and Yangtze blocks (Figures 8c and 8d) .
Yangtze Craton
[23] Fast velocities are imaged beneath the Yangtze Craton from 100 km depth down to the bottom of the transition zone ("Y" and "TZ1," Figures 8a-8e and 9d-9g) . West of the North-South Gravity Lineament, fast velocities extend upward to the surface (Figure 9a) . Our S wave model thus differs from P wave based models [Huang and Zhao, 2006; Li and van der Hilst, 2010] where the fast anomaly of the Yangtze Block bottoms at 300 km. Nevertheless, the resolution tests ( Figure S5 of the auxiliary material) suggest that our tomographic model exhibits Figure 6 . Checkerboard resolution tests with alternating high-and low-velocity boxes. The size of the boxes is indicated at the bottom of each plot. The first and second numbers are the width (in the horizontal directions) and the third is the thickness (in depth) of the boxes. The surface wave resolution in eastern China and eastern Tibet is $3°so we do not try to recover smaller boxes. The input (synthetic) velocity anomalies were AE3%. Horizontal slices through the recovered velocity structures are shown. The lateral and vertical resolutions improve from the bottom to the top of the model. We use boxes with a smaller depth extent at shallower depths to illustrate the increasing resolution at shallower levels. At 40 and 110 km, the model is primarily constrained by the surface wave constraints. Therefore we only show the recovered model in the region where the averaged number of raypaths is larger than 50 in 2°Â 2°cells. For Figures 6a and 6b , we use the 50 raypaths contour at T = 30s and T = 70s, respectively, as the sensitivity at these periods peak at 40 and 110 km. Only the well-resolved region of the model is shown and discussed in this manuscript. vertical smearing and that it could not recover normal mantle (0% anomaly) sandwiched between a fast cratonic root (down to typical value of 250 km) and a second high velocity feature in the transition zone. The large fast anomaly beneath the Yangtze Block seems to broaden with depth (Figures 8c-8e ) and exhibits a dip to the southwest and adjacent oceanic plate (Figures 9d-9g) . In contrast, its northern flank is vertical.
South China Fold Belt
[24] With the exception of the upper lithosphere (Figures 8a,  9f , and 9g), the mantle is dominantly slow beneath the South Figure 8 OBREBSKI ET AL.: S WAVE JOINT TOMOGRAPHY OF CHINA B01311 B01311 Figure 8 . Constant depth map views of the CH11-S model at (a) 40, (b) 100, (c) 200, (d) 300, (e) 500, and (f) 800 km depth. Major faults, the North-South Gravity Lineament and tectonic and plate boundaries are shown as in Figure 1 . Figures 8a and  8b show recovered velocities beneath the entire region for sake of completeness. However, the western part must be considered with caution as surface wave raypaths and seismic stations are sparse there (see Figures 3 and 5-7) . In particular, the amplitude of the fast anomalies around Pamir (P) and Tianshan (T) at 40 and 100 km are likely overestimated. Several fast anomalies are observed in the crust/upper mantle beneath the Ordos (Or) and Yangtze (Y) blocks, beneath the North China Basin (F1) and beneath eastern Tibet (F2). In the transition zone, prominent fast anomalies are seen beneath the Yangtze Craton (TZ1) and further northeast (TZ2-3). In the lower mantle, wide and fast regions are observed to the west (LMW) beneath the collision realm and to the east (LME) beneath the subduction realm. A curtain of fast anomalies is observed on the westernmost part of the model at 300 and 500 km depth. LMW and LME are disconnected beneath the Yangtze Craton. (Figures 9b and 9c) . The North China Basin is underlain by slow lithosphere and a slow transition zone, while fast flat features are observed in the asthenosphere (F1, Figures 9b, 9c , and 9f) and in the lower mantle (LME, Figures 9b, 9c, 9e, and 9f) . (d-g) Cross sections emphasize the mantle structure beneath the Yangtze Craton and how it contrasts with that of the North China Craton. Fast anomalies underlie the Yangtze Craton down to the bottom of the transition zone (Y + TZ1), and barely overlap with LME (Figures 9e and 9f ) and LMW (Figure 9g ).
China Fold Belt. Note that the upper lithosphere is less robustly resolved (Figures 5a and 5b) . Therefore, the fast feature imaged at 40 km depth (Figure 8a ) should be considered with caution. The mantle structure of the South China Fold Belt sharply contrasts with the Yangtze Block to the northwest. Low velocities with dip toward the Yangtze Block are observed down to 250 km depth (Figure 9g ). This trend is consistent with that of the Low Velocity Zone observed by Ma [1987] .
Songpan-Gansi and Sanjiang Fold Belts
[25] Slow velocities are observed from the surface down to the top of the transition zone beneath the Songpan-Gansi Fold Belt (Figures 8a-8e ) and as deep as the top of the lower mantle beneath the Sanjiang Fold Belt (Figures 8a-8f) . These low velocities merge with slow anomalies beneath the Tibetan Plateau to the west and with the South China Fold Belt to the southeast (Figures 8a-8e ).
Eastern Tibetan Plateau
[26] The lithosphere is dominantly slow beneath eastern Tibet (Figures 8a, 10b-10d) . A flat fast feature "F2" is observed from 150 to 250 km at 92°E (Figure 10c ) and resolution tests suggest it is well resolved ( Figure S4 of the auxiliary material). F2 extends northward to 34°N where fast anomalies are observed beneath the Qaidam Block. Further east (96°E), the depth span of F2 is 50-250 km (Figure 10d ). It extends northward to $33°N where the slow velocities beneath the Songpan-Gansi Fold Belt are observed. A similar fast feature is observed in the P wave velocity model of Huang and Zhao [2006] . Surface wave models also suggest high S wave velocities in the upper mantle beneath eastern Tibet [Shapiro and Ritzwoller, 2002; Priestley et al., 2006; Lebedev and van der Hilst, 2008] In contrast, the P wave model of Li et al. [2008] shows dominantly slow velocities in the upper mantle beneath eastern Tibet. Slow velocities are also widespread beneath the Tibetan Plateau beneath 250 km depth down to the bottom of the transition zone (Figures 8d,  8e , and 10b-10d). These low velocities seem to be surrounded by fast blocks to the east (Yangtze and Ordos) and maybe also by fast curtains to the south, west and north (Figures 8c-8e ). This last observation has to be taken cautiously. Even if the model still provides good large-scale resolution in the concerned areas, they are located at the limit of our station coverage.
Lower Mantle
[27] Two wide fast areas are imaged in the lower mantle beneath southwestern China (LMW) and eastern China (LME) (Figure 8f ). These regions are separated by a slow anomaly that lies beneath the Yangtze Block, the KunlunQilian Fold Belt and the Qaidam Basin.
6. Discussion 6.1. Intraplate Seismicity and Crust Upper Mantle Structure
[28] The distribution of earthquakes with M ≥ 3 ( Figure 11 ) correlates with several major faults, the edge of stable blocks (Ordos) and slow areas of the crust (North China Basin, (Figure 10c ). To the east (Figure 10d ) slow anomalies are observed beneath the Songpan-gansi (SGFB; Figures 10a and 10d) and Sanjiang fold belts (SJFB; Figures 10a and  10b) , sandwiched between F2, the Qaidam Block, and the Yangtze Craton (Y).
Tibetan Plateau, Songpan-Gansi and Sanjiang Fold Belts). This correlation has been observed in previous tomographic studies [Liu et al., 1986; Huang and Zhao, 2006; Huang et al., 2009] . Almost all earthquakes in China occur in the crust. Therefore, the correlation between seismicity and crustal structures is not surprising. There is no, or little seismicity in the stable Ordos Block and Yangzte Craton. There is also no seismicity in the South China Fold Belt where the uppermost lithosphere is imaged as fast (Figures 8a, 9g , and 11). The absence of seismicity combined with fast lithospheric velocities may indicate that the upper lithosphere is locally strong. Nevertheless, heat flow estimates in this region are higher than for the Yangtze Craton and equivalent to that obtained in the Songpan-Gansi and Sanjiang Fold Belt [Hu et al., 2000] . A possible explanation is that basaltic underplating during Late Mesozoic subduction of the Pacific Sea Plate [Zhou and Li, 2000] enhanced the lithospheric strength (and the seismic velocities) of this region.
Decratonization and East-West Contrast in the North China Craton
[29] The shear wave velocity structure of the North China Craton exhibits three regions that reflect the division of the North China Craton into distinct geotectonic domains, namely the stable Ordos block, the Shanxi Rift, and the North China Basin. In contrast to the aseismic and seismically fast Ordos Block, the Shanxi Rift and part of the North China Basin are seismically active (Figure 11 ). The reactivation of the Archean eastern part of the North China Craton has been attributed to the loss of its cratonic root sometime since Ordovician [Menzies et al., 1993; Griffin et al., 1998 ], either by delamination or by thermal erosion (see review of Kusky et al. [2007] ). Our model does show a flat fast feature beneath the North China Basin (F1, Figures 8c, 9b, and 9c) , that could represent delaminated lithosphere [Xu and Zhao, 2009] . If this assumption holds, F1 represents well-detached lithosphere and we would thus expect evidence of uplift in the overlying North China Basin [Göğüş and Pysklywec, 2008] , which is not the case. The Phanerozoic lithosphere that replaced the Archean lithosphere is less depleted and therefore denser [Griffin et al., 1998 ], which puts in question the plausibility of the gravitational collapse of the Archean lithospheric root. Eclogitization of the lower crust resulting from crustal thickening during the assemblage of the North China Craton with the South China Block and the Siberia Craton could have provided negative buoyancy [Morgan, 1984] . The fast feature F1 could rather represent the remnant core of the eastern block of the North China Craton. Figure 9c emphasizes the structure of the North China Craton and shows F1 as an eroded version of the root of the Ordos Block. Its lower density (depletion) can explain why it does not sink. Thermal erosion would have been supplied by the upwelling of hot Phanerozoic mantle that we image as widespread slow anomalies beneath the Shanxi Rift and in the transition zone beneath the North China Craton (Figures 8e, 9b , and 9c). The Ordos Block is also surrounded and underlain by slow material and shows possible evidence of reactivation as the encroachment of seismicity on its northeastern edge ( Figure 11 ) where its root is the thinnest (Figures 9b and 9d) , and heat flow comparable to that of the eastern block and higher than that of the Yangtze Craton [Hu et al., 2000] .
Slab Graveyard Beneath China and Lithospheric Stability
[30] Aside from the obvious effects of convergence directly along the collision and subduction realms, associated material injection into the transition zone and the lower mantle may also play a role in the dynamics of the overlying lithosphere and asthenosphere. Several fast features are observed both in the transition zone (TZ1-3) and in the lower mantle (LMW and LME). Those beneath eastern and northeastern China (TZ2-3) have been linked to the currently subducting Pacific and Philippines Sea slabs [Bijwaard et al., 1998; Huang and Zhao, 2006; Li and van der Hilst, 2010] . The southernmost TZ1 could be lithosphere left after the South China Block-North China Craton collision [Lebedev and Nolet, 2003] or a stagnant slab relic from the Mesozoic Pacific Sea Plate [Li and van der Hilst, 2010] . The wide fast regions beneath the collision (LMW) and subduction (LME) realms are likely slab material from the TethysIndian and Pacific slabs that has already sunk into the lower mantle.
[31] The distribution of stable versus unstable regions in China seems related to some extent to the structure of the transition zone and lower mantle. The stable Yangtze Craton, and to less extent the Ordos block, do not overlap with lower mantle anomalies LMW and LME. TZ1 coincides with the Yangtze Craton and also with the gap between LMW and LME. The motion or stagnancy of these fast bodies could promote or inhibit mantle convection and tectonism. First, the foundering of slab fragments (LMW and LME) from the transition zone into the lower mantle is likely to trigger upper mantle instability by forcing mass displacement. In particular, the slow anomalies located above LME (Figures 9a and 9b) and LMW (Figures 10b-10d ) could have been emplaced to fill the space left by these sinking slab fragments. The transition zone beneath China seems to Figure 11 . Comparison between seismicity with M ≥ 3 and the crustal structure as imaged in CH11-S beneath China. Intraplate seismicity in China dominantly occurs at crustal depth and clusters along fault systems and block boundaries.
be an important mechanical barrier that apparently exerts a substantial control on the mantle structure and dynamics. This is indicated by the presence of several stagnant slabs in the transition zone and also by the many velocity contrasts (high to low or vice versa) occurring at the 410 and 660 km discontinuities (Figures 9 and 10) . Corner flow and dehydration related to the penetration of the stagnant slab (TZ2-3) in the transition zone is also thought to contribute to the emplacement of slow mantle beneath eastern China (Figures 8b and 8c) and to promote tectonism [Huang and Zhao, 2006] . Second, the fast feature TZ1, whatever its nature, could promote the stability of the overlying mantle indicated by a lower level of seismicity in the crust (Figure 11 ) and lower heat flow [Hu et al., 2000] . With the caveat of resolution limitation pointed out in 5.3, the fast mantle imaged from 410 km to 250-300 km beneath the Yangtze Block could represent mantle that has remained or became cooler and more viscous than the surrounding areas owing to its being sandwiched between TZ1 and the cratonic lithosphere from the Yangtze Block.
Upper Mantle Beneath Eastern Tibet Region
[32] The horizontal feature F2 could be the Indian Slab underthrusting the Tibetan blocks. Surprisingly, we don't observe any clear continuation of F2 northward or downward (Figures 10c and 10d ) that would represent the subducted Indian Sea Slab. This may indicate that the Indian Sea Slab detached and sank into the lower mantle (perhaps anomaly LMW) while the continental lithosphere (F2) stalled beneath the Tibetan lithosphere because of its buoyancy. Nevertheless, under this scenario and owing to the southeastward absolute motion of the Eurasian Plate during the Cenozoic [Honza and Fujioka, 2004] , we would expect any subducted Indian Sea Slab fragment to lie northwest of the northern edge of the continental Indian Slab stalled beneath the Tibetan Plateau. In contrast, LMW is located beneath F2, suggesting these structures are independent. Alternatively, F2 could be Eurasian lithosphere. F2 spans the three blocks of the Tibetan Plateau (Qiangtang, Lhasa, Himalaya) and its depth extent is 50-250 km. In the context of India-Eurasia collision, the emplacement of lithospheric material at this depth could have resulted either from lithospheric contraction and thickening or from lower crust and underlying mantle delamination. The northernmost extent of F2 actually coincides with the northern boundary of the Qiangtang Block where the geochemistry of the volcanic rock is suggestive of foundered lower crust [Liu et al., 2008] . Eclogitization of the lower crust through crustal contraction and thickening is likely to happen in the context of India-Eurasia convergence and would provide negative buoyancy to trigger lithospheric instability. All these observations are consistent with F2 being delaminated lithosphere of the Qiangtang-Lhasa blocks. The lateral flow of hot asthenospheric material to fill the space left between the crust and the delaminated lithosphere would heat the crust, explaining the widespread low velocity observed above F2. In all scenarios, the continental nature of F2 (Indian lithosphere or Qiangtang-Lhasa lithosphere) and associated low density and buoyancy would account locally for the low gravity and high topography.
[33] On a large scale, the mantle is dominantly slow beneath Western China. Slow mantle velocity beneath China may result partially from the injection of fluids through continuous subduction during the Phanerozoic. The slow mantle anomalies beneath western China appear to be surrounded by fast, potentially strong blocks: the parabola shaped fast curtain to the west, the Tarim Craton to the north, the collision realm and Bhurma slab to the south, and the Ordos and Yangtze blocks to the east (Figures 8b-8e ). There is a connection along the Sanjiang Fold Belt (Figure 10b ) between slow anomalies beneath eastern Tibet and terrain to the southeast (Figures 8a-8c) , i.e., in the direction of the crust motion beneath the Sanjiang Fold Belt with respect to the South China Block [Wang et al., 2001; Zhang et al., 2004] and also in the proposed direction of extrusion induced by India-Eurasia convergence. This observation suggests that part of the slow, likely low viscosity, mantle beneath Tibet that was pushed by material injection in the collision realm escaped to the southeast that was the only "open" adjacent region. The slow velocities observed consistently from the surface down to $350 km depth suggest that the extrusion process involved both the crust and the mantle. Nevertheless, the lateral extent of the low velocity channel beneath the Sanjiang Fold Belt between the slow anomalies of the Tibetan Plateau and that of the South China Fold Belt is small ($2-3°) and could probably have not enabled massive transfer of material, such as the emplacement of the widespread slow mantle beneath the South China Fold Belt. We can thus speculate that the apparent confinement of slow, presumably hot mantle beneath western China may have had an impact on regional tectonics, by promoting convection in the asthenosphere, thermally reducing the viscosity of the lithosphere and generating buoyancy and uplift.
Summary
[34] We combined teleseismic S wave traveltimes and surface wave phase velocities measured at stations of the CDSN and temporary deployments across China to obtain a regional tomographic model of the shear wave velocity distribution. The main observations and implications made on the basis of our CH11-S model are as follows:
[35] 1. The lithosphere and asthenosphere beneath China exhibit largely slow velocities. The exceptions include the stable Ordos and Yangtze blocks that are underlain by fast mantle anomalies that extend as deep as the top of the transition zone, a fast anomaly from 150 to 350 km depth beneath the North China Basin and a flat fast feature beneath eastern Tibet from 50 to 250 km depth.
[36] 2. The fast anomaly observed beneath the North China Basin could represent the relic cratonic root of the eastern block of the North China Craton. Alteration of the lithospheric root could have resulted from either thermal erosion or lithospheric instability that occurred at some point since the Ordovician. Our model does not allow favoring either of these two models.
[37] 3. The fast anomaly observed beneath eastern Tibet could represent the Indian continental lithosphere stalled beneath the Eurasian Plate. Nevertheless, there are also indications that this fast feature could be delaminated lithosphere from the contracted and thickened Lhasa and Qiangtang blocks that make up the Tibetan Plateau.
[38] 4. A large fast and flat feature is imaged in the transition zone beneath the Yangtze Craton and may contribute to its stability by isolating it from convection in the surrounding mantle.
[39] 5. Large fast regions in the lower mantle underlie the tectonically active India-Eurasia collision realm to the west and the Pacific-Philippines subduction realm to the east. These fast features are probably oceanic slab fragments that have already sunk into the lower mantle. By forcing mantle displacement, they may have promoted mantle convection in these regions, lithospheric instabilities and extensional/ contractional deformations.
[40] 6. The mantle is dominantly slow beneath western China and is surrounded by fast and presumably strong lithospheric blocks. Limited mantle escape could have occurred to the southeast beneath the Sanjiang Fold Belt where low velocities are observed throughout the mantle to the transition zone. The confinement of slow and hot mantle beneath western China could account for part of the uplift observed in this region and also promote internal deformation of the lithosphere.
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